Background: N-methyl-d-aspartate receptors (NMDARs) contribute calcium influx in
| INTRODUCTION
Megakaryocytes are unique hematopoietic cells. Their maturation involves unusual processes of polyploidisation 1 and proplatelet formation 2 regulated by dynamic changes in transcription factors such as GATA1, NF-E2, FLI1, and RUNX1. 3, 4 Thrombopoietin (TPO) is the main humoral driver of megakaryopoiesis. 5, 6 However, TPO does not regulate proplatelet formation, 7 a process requiring complex remodelling of cytoskeletal elements, including actin and microtubules. 8, 9 The contribution from intracellular calcium ions (Ca 2+ ) to megakaryocytic differentiation remains poorly understood but is an area of active research due to the discovery that 30% of patients with essential thrombocythaemia (ET) and primary myelofibrosis (PMF) harbor mutations in the CALR gene that encodes calreticulin. 10, 11 Calreticulin is highly expressed in megakaryocytes and buffers Ca 2+ in the endoplasmic reticulum (ER). 12, 13 Mutations impair calreticulin ability to bind Ca 2+ , 14 which remodels Ca 2+ pathways in mutated cells. 15 Megakaryocytes derived from patients with type 1 CALR mutations display stronger Ca 2+ signals upon activation. 15 Peak values for both Ca 2+ release from the ER stores and Store-Operated Ca 2+ Entry (SOCE) are higher in these cells, compared with patients with type 2 CALR or JAK2 V617F mutations, or in healthy subjects.
SOCE is initiated when Stromal Interaction Molecule 1 (STIM1)
senses depletion of Ca 2+ stores in the ER. 16 Uncontrolled SOCE can be pathogenic, as mice with the constitutively active Stim1 Sax mutation develop marrow fibrosis and splenomegaly, akin to human PMF. 17 Normal megakaryocytic differentiation requires fine regulation of SOCE. 18 TPO increases expression of molecules that facilitate SOCE, including those that release and refill intracellular Ca 2+ stores. [19] [20] [21] [22] Emerging data indicate that SOCE peaks during proplatelet formation and contributes to megakaryocyte adhesion and motility. 23 The main pathway for SOCE in megakaryocytes is through Ca 2+ -Release Activated Ca 2+ channels formed by the ORAI1 proteins (in Greek mythology, Orai were the gatekeepers of heaven). 24 However, megakaryocytes also express other Ca 2+ channels, including transient receptor potential cation (TRPC), 25 P2X, 26 P2Y, 27, 28 nicotinic cholinergic 29 and N-methyl-d-aspartate (NMDA) receptors (NMDARs). 30, 31 NMDARs are non-specific cation channels with high Ca 2+ permeability activated by extracellular glutamate. 32 Although NMDARs have been best characterized in neurons, their functions in non-neuronal cells are being increasingly recognized, including in megakaryocytes. 30, 31, 33 Previous findings on the NMDAR function in megakaryocytic cells have been somewhat conflicting; both pro- 30, 31 and anti- 33 differentiating effects have been shown in different cell types.
Motivated by the unclear role of megakaryocytic NMDARs and the clinical importance of Ca 2+ pathways in ET and PMF, we examined NMDAR effects in multiple culture models of normal and leukemic megakaryocytes. Our results revealed that the impact of NMDAR activity on normal and leukemic cells is almost opposite, suggesting that leukemic cells remodel Ca 2+ pathways to inhibit differentiation.
| MATERIALS AND METHODS

| Cultures of cell lines
Three human leukemia cell lines were used in this work: Meg-01,
Set-2 (German Collection of Microorganisms and Cell Cultures
[DSMZ], Braunschweig, Germany) and K-562 (American Type Culture Collection [ATCC], Manassas, VA). Cell lines were grown in supplemented RPMI-1640, as before. 33 To induce differentiation, cells were seeded in 6-well plates at 2 × 10 5 cells per well and cultured in the pres- 
Essentials
• Intracellular calcium pathways regulate megakaryopoiesis but details are unclear.
• We examined effects of NMDAR-mediated calcium influx on normal and leukemic cells in culture.
• NMDARs facilitated differentiation of normal but proliferation of leukemic megakaryocytes.
• NMDAR inhibitors induced differentiation of leukemic Meg-01 cells.
R1245). Bone marrow was flushed out of bones with CATCH buffer (in mmol L 
| Cultures of lineage-negative progenitors
Mouse bone marrow was obtained as above. Red cells were lysed in an ice-cold ACK buffer (in mmol L −1
: 155 NH 4 CL, 10 KHCO 3 , 0.1 EDTA) for 2 minutes and the lysis was stopped by adding an equal volume of PBS. Cells were passed through a 100 μm nylon mesh, spun at 300 g for 10 minutes and adjusted to a density of 2 × 10 7 cells per mL using MACS buffer (PBS containing 0.5% BSA, 5 mmol L −1 EDTA, 100 U mL −1 penicillin and 100 μg mL −1 streptomycin). Hematopoietic progenitors were isolated using a Lineage-depletion kit (Miltenyi) employing a cocktail of biotinylated antibodies targeting: CD5, CD45R (B220), CD11b, Gr-1 (Ly-6G/C), 7-4 and Ter-119, followed by anti-biotin microbeads. Cells were spun at 300 g for 10 minutes and 
| Cultures of bone marrow explants
Bone marrow explants were obtained and cultured as described. 36 Briefly, intact bone marrow cores were gently flushed out from mouse femurs using CATCH buffer, placed on Superfrost glass slides (Thermo-Fisher Scientific) flooded with CATCH buffer and cut into transverse sections of 0. ; Thermo-Fisher Scientific).
33
Platelet-like particles were examined as described. 35 Briefly, nucleated cells were collected by centrifugation at 100 g and the supernatant was re-spun at 1500 g (both for 10 minutes). Pelleted particles were re-suspended in ice-cold RPMI-1640 (supplemented with 10% FBS and 0.02% sodium azide) to 2 × 10 5 mL −1
. Anti-CD41a-FITC and CD61-PE antibodies were incubated as above.
| Primary cells
Megakaryocytes were enriched on a discontinuous density gradient (1.5-3%) of bovine serum albumin (BSA; Thermo-Fisher Scientific) followed by velocity sedimentation for 60 minutes at 1 g. Cells were collected from the bottom of the tube and suspended in StemSpan SFEM II media with 5% FBS. Expression of CD41a was tested as described above for cell lines. Nuclear ploidy was examined using Hoechst stain (10 μg mL −1 ) incubated with cells at 37°C for 3 hours.
All flow cytometry data was acquired on a BD LSRII and analyzed using the following software: FACSDiva version 6. Figure S6 . (E-G) Effects of NMDAR antagonists on spontaneous differentiation of Meg-01 cells (with no PMA or VPA added). Bars show effects of memantine and MK-801 on: CD61 expression (E; tested by flow cytometry), cell numbers (F; using MTT assay) and cell proliferation (G; from BrdU incorporation). All graphed data are mean ± SEM obtained from three independent experiments. Statistical significance is shown (*P < .05; **P < .01; ***P < .001). Data were analyzed by one-way ANOVA with Dunnett's post-hoc, except for ploidy that was analyzed by two-way ANOVA with Bonferroni correction for multiple comparisons. BrdU, 5-bromo-2′-deoxyuridine; DMSO, dimethyl sulfoxide; MFI, Mean Fluorescence Intensity; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; ns, non-significant; PI, Propidium Iodide; PMA, phorbol-12-myristate-13-acetate; VPA, valproic acid 
| Glutamate concentrations
Meg-01 cells were seeded in 6-well plates at 2 × 10 5 cells per well and grown in the presence or absence of 500 μmol L −1 VPA for 7 days. On days 0, 4, and 7, media samples were collected and stored at −80°C until testing. Glutamate concentrations were determined in batched media using an Amplex Red Glutamic Acid/Glutamate Oxidase Assay kit (Thermo-Fisher Scientific) according to manufacturer's instructions, with some modifications as we recently described. 39 Fluorescence was read on an EnSpire 2300 plate reader using excitation of 530 nm and emission at 590 nm.
| Molecular work
RNA isolation, cDNA synthesis and reverse transcription (RT) PCR were performed as before. 37 Primer sequences and PCR conditions were provided in Kamal et al. and Kalev-Zylinska et al. 33 ,37
| Cell ultrastructure and immunofluorescence
Our method for transmission electron microscopy (TEM) was previously described. 37 Filamentous actin (F-actin) was visualized using Alexa Fluor 488 Phalloidin (Thermo-Fisher Scientific). ) was used as positive control and buffer or diluent as negative controls. Each experiment was repeated at least three times using cells of different passages. Within each experiment, measurements were taken from triplicate wells. Statistical significance is shown (*P < .05; **P < .01; ***P < .001; one-way ANOVA with Dunnett's post-hoc). MFI, mean fluorescence intensity; ns, non-significant; VPA, valproic acid PMA acts by activating protein kinase C (PKC) 41 and PKC phosphorylates and activates NMDAR proteins directly. 42 We thus asked Statistical significance is shown (*P < .05; **P < .01; ***P < .001). The immunophenotypic data was analyzed by one-way ANOVA with Dunnett's post-hoc, ploidy by two-way ANOVA. MFI, Mean Fluorescence Intensity; ns, non-significant whether NMDAR contribution to PMA effects was a simple consequence of PKC overactivation specific to this model, and not a true reflection of NMDAR involvement in megakaryocytic differentiation.
We employed VPA as an alternative pro-differentiating chemical that works primarily by modulating transcription. 43 VPA (500 μmol L Morphologically, when NMDAR inhibitors were present, cells became larger, acquired nuclear lobulation and cytoplasmic extensions. In addition, distinct cytoplasmic vacuoles developed, some of which were quite large, others small and located mostly in the Golgi and perinuclear regions (Figure 2A, B) . TEM analysis suggested that these vacuoles represented endolysosomes or dilated ER; other ultrastructural changes observed in the presence of NMDAR antagonists included atypical appearances of dense granules and the paucity of mitochondria ( Figure 2C ).
| NMDAR functionality increases in differentiated Meg-01 cells
Intrigued by the evidence that NMDARs modulate differentiation of
Meg-01 cells, we sought a link between the state of cell differentiation and the NMDAR activity.
Meg-01 cells were differentiated using VPA over 7 days (as described above) followed by testing of NMDAR expression and glutamate release ( Figure 3A, B) . Surface expression of the main three NMDAR subunits, GluN1, GluN2A, and GluN2D was examined by flow cytometry and glutamate content was measured in media samples collected on days 0, 4, and 7. This found that VPA treated Meg-01 cells carried higher levels of surface GluN1, GluN2A and GluN2D ( Figure 3A) and released more glutamate ( Figure 3B ), implying a link between megakaryocytic differentiation and the glutamate-NMDAR axis. 
| NMDARs facilitate proplatelet formation by mouse megakaryocytes
Motivated by the findings that megakaryocytic NMDARs are functional and impact differentiation of Meg-01 cells, we proceeded to examine NMDAR contribution in normal mouse megakaryocytes.
Lineage-negative progenitors were isolated from mouse bone Figure 5B .ii). Rare proplatelet-bearing megakaryocytes were seen in the presence of MK-801, but these were stunted without proper proplatelet branching seen in controls (Table 1; Figures 5B.iii and S8).
Bone marrow explants were used next to confirm NMDAR effects in the native bone marrow milieu (with no exogenous TPO added; Figure 5C ). Mouse femurs were dissected, bone marrow cores flushed out, cut into slices, and cultured in hypoxic chambers over poly-L-lysine-coated slides. Similar to other cultures, no proplatelets arose from explants exposed to memantine and cytoplasmic vacuoles were frequent (Table 1; Figure 5C .i). Rare proplatelets that formed in the presence of MK-801 were short and contorted ( Figure S8 ). Figure 6A , B). However, this was not found for MK-801; therefore, firm conclusions could not be drawn and further work is required to investigate NMDAR involvement in cell migration.
Finally, we confirmed that primary megakaryocytic cells we modulated in culture carried NMDAR subunits. GluN1 and GluN2A were expressed in early megakaryocytic precursors derived from lineagenegative progenitors ( Figure 6C ). Other NMDAR subunits, except for GluN2B and GluN3A, were also expressed in enriched mature megakaryocytes ( Figure 6C ). One can speculate that different NMDAR subunits may be influencing distinct NMDAR effects in early and late megakaryocytes. Based on previous and our data, we expect that the following sequence of events applies in normal megakaryocytes. 
| DISCUSSION
